a.s.vokhmintsev@urfu.ru, i.a.weinstein@urfu.ru We have studied the temperature dependencies of the photoluminescence (PL) intensity of 4.1 eV in microcrystalline powder of hexagonal boron nitride in the range of 7-1100 K. The results obtained have been analyzed within the band model of energy levels of associated donoracceptor pairs based on impurity (ONCN) complexes. Luminescence enhancement processes at T<200 K and two independent channels of external thermal activation quenching are typical of the observable luminescence mechanisms under direct (4.26 eV) excitations of the samples. It has been shown that, at T>220 K, when directly excited, the samples diminish the PL intensity because of the processes of thermal ionization of the donor level of the ON-center (122 meV) and the deep acceptor level of the CN-center (1420 meV) as parts of the (ONCN)-complex. The temperature enhancement region with an activation energy of 15 meV is due to the decay of a bound Wannier-Mott exciton followed by transfer of excitation to the associated donor-acceptor pair.
decay (1 ns). 15, 17 Earlier studies related EZPL=4.1 eV energy emission with radiative recombination of either "band -CN-center" (carbon atom in the nitrogen position) 18, 19 or "an unknown shallow donor -CN-center". 15 The former is characterized by a deep acceptor level in the bandgap at a distance of 1.2-2.4 eV from the valence band top. 14, [18] [19] [20] [21] Later, the luminescence at hand was attributed to donor-acceptor recombination by a complex of associated (located at the minimum possible distance) point defects such as a nitrogen vacancy with a carbon atom in the nitrogen position (VNCN) 14, 22 , oxygen and carbon atoms in nitrogen positions (ONCN) 16, 23 , and carbon atoms in boron and nitrogen positions (CBCN). 24, 25 Besides, the Ref. 26 showed that annealing of an h-BN micropowder in an O2 atmosphere at a temperature of 900 °C for 2 h results in an increase in both the oxygen content from 0.25 to 0.40 wt. % and the intensity of cathodoluminescence in the 320 nm (3.9 eV) band by almost 4 times as compared to the initial sample. However, no correlation between the impurity (carbon and oxygen) concentration and EZPL4.1 eV emission intensity was found when comparing photoluminescence measurements and quantitative trace impurity analysis of variously heat-treated h-BN samples. 27 From the foregoing, it is clear that identifying the nature of the excited state of an optically active complex that luminesces with an energy of EZPL=4.1 eV and the role of oxygen in its formation faces some contradictions.
The objective of the present work is to investigate the temperature behavior of photoluminescence (PL) in the range of 7-1100 K for direct optical excitations of 4.1 eV luminescence centers in h-BN micropowder. The observable experimental regularities are discussed within the band model for energy levels structure of associated donor-acceptor pair (DAP) based on an impurity (ONCN)-complex.
The studied h-BN micropowder was synthesized under conditions of N deficiency, and C (2.9±0.1 at.%) and O (0.6±0.1 at.%) were the main impurities. 16, 20 The PL intensity was measured in the range of 300-1100 K using a Perkin Elmer LS55 spectrometer equipped with a compact high-temperature attachment. 28, 29 For taking the measurements in the range of 7-335 K, a Janis CCS-100/204N closed-cycle helium cryostat was used, combined with the recording channel of the Perkin Elmer LS55 spectrometer. 16 To exclude the possible influence of the thermally stimulated luminescence signal, the PL temperature dependencies were measured in cooling regime. 30 The cooling rates amounted to 0.1 and 1.0 K/s in the ranges of 7-335 and 300-1100 K, respectively. The emission at 3.90 eV was recorded under 4.26 eV excitation. Figure 1 presents PL spectra for the studied DAPs with EZPL = 4.1 eV. The spectra exhibit obvious vibrational structure with phonon replicas of =174 and 164 meV in the PL emission and excitation, respectively. Analyzed 3.90 and 4.26 eV bands correspond to the first phonon replicas in the PL emission and excitation, respectively (see Figure 1 ). This fact is consistent with the known experiments. 15, 16, 25, 27 T>Tmax. The dependence on Figure 2 , insert, highlights two linear segments intersected at point of (kT) -1 ≈12.2 eV -1 (T≈950 K) in the region (kT) -1 <40 eV -1 (T>290 K). In this case, it can be claimed that there are at least two non-radiative thermally activated quenching channels with energies EQ1 and EQ2 in the temperature range at hand.
Considering the foregoing, we conducted a further quantitative analysis of the I(T) experimental dependencies within the modified Mott relation. 21, 31 The latter contains independent efficiencies for two non-radiative relaxation channels (denominator) and the efficiency of the PL enhancement process (numerator) 32 :
where I0 is the PL intensity at T = 0 K, a.u.; pʹ is the dimensionless pre-exponential factor of the PL enhancement process; Eʹ is the activation energy of the luminescence enhancement process, eV; k is the Boltzmann constant, eV/K; T is the temperature, K; p1 and p2 are the dimensionless pre-exponential factors of temperature quenching processes; EQ1 and EQ2 are activation energies of luminescence quenching processes, eV. 
According to Ref. 35 , the binding energy of an exciton with an neutral impurity complex (EX) satisfies the condition:
where Ei is the ionization energy of the impurity complex, eV. did not discuss the nature of this shoulder and the oxygen content in the samples studied.
However, according to the results of the present research work, the observable spectral shoulder can be associated with impurity-bound excitons.
Within the hydrogen-like approximation, let us evaluate the most probable radii (r) of the orbits for charge carriers localized near impurity ions 35 :
where aB=0.53 Å is the Bohr radius; Ry=13.6 eV is the Rydberg constant;  =3.5 is the relative dielectric constant for h-BN. 36 The specified value is equal to rO=18.4 Å for e at the ON-center closely spaced to each other, the van der Waals force begins to act between them. In this case, the binding energy of e localized at the ON-center grows by the value of W(R). We write down the expression for the radiation energy upon recombination of DAP 34, 35 :
where Eg is the bandgap h-BN; Ei O 42 The calculation by the method of density functional theory within the generalized Kohn-Sham scheme also confirms the above assertion. 42 Meanwhile, according to the Eq. (5), the W(R) van der Waals summand is necessary to know to compute the ionization energy of the independent ON-center. An analysis of the calculation works showed that the binding energy between two layers in h-BN varies in the range of 55-152 meV. 43, 44 Suppose that, for the (ONCN)-complex at hand, the van der Waals summand takes similar values, i.e., W(R)=55-152 meV. In this case, taking into account the quenching energy and the position of the first phonon replica for DAP donor level of the DAP (EQ1+=122+164 meV), the ionization energy of the independent ON-center is Ei O =341-438 meV. The above value is consistent with an activation energy of 300-500 meV for electron trap based on ON-center. 18, 45 In summary, the temperature dependencies of photoluminescence have been measured in 
